We present a flexible active 2-bit 2-element phased-array antenna (PAA) fully fabricated using ink-jet printing technology. High speed carbon nanotube (CNT) based field effect transistors (FETs) function as switch in the true-time delay line of the PAA. The 2-bit 2-element active PAA is printed out at room temperature on 100μm thick Kapton substrate. The FET switch works well for 5GHz RF signals. An ON-OFF ratio of over 100 is obtained at a low Vds bias of 1.8V. The measured azimuth beamsteering angles of PAA agree well with simulation values.
INTRODUCTION
NASA's future exploration missions focus on the manned exploration of the Moon, Mars and beyond, which will rely heavily on the development of a reliable communications infrastructure from planetary surface-to-surface, surface-toorbit and back to Earth. Different communication tasks require different antenna technologies. For example, proximity surface activity applications such as robotic rovers, human extravehicular activities (EVA), and probes will require small size, lightweight, and low power antennas in accommodating the desired frequencies and data services in a restricted space. While low profile, conformal antenna designs would be ideal for simple integration into/onto the EVA suit.
While lightweight, conformal phased array antennas are significant in NASA's space and interplanetary exploring missions, such technology is still in immature stage of development. The major deterrent to such systems is the lack of integrated electronics circuits on the flexible surface [1, 2] . To date, the major way to achieve flexible integrated circuits is to attach and interconnect electronics chips onto the antenna surface. The most recent research in conformal phased array antennas is the active membrane phased array radar developing by NASA Jet Propulsion Laboratory (JPL) research group [3] . However, the T/R module is assembled independently and attached to the membrane array, which greatly jeopardize the reliability.
Current state-of-the-art flexible electronics are based on organic or polymer materials, such as regioregular poly (3-hexylthiophene) derivatives and pentacene. While the organic material based flexible electronic circuits can be monolithically integrated with flexible antennas, the carrier (electron or hole) mobility of these materials is less than 0.1cm 2 /V·s. Amorphous silicon shows a higher carrier mobility of ~1cm 2 /Vs [4] . However, it is still two orders of magnitude lower than conventional single crystal silicon. Such low carrier mobility limits the operating frequency of the organic or polymer based flexible electronics circuit to a few kHz [4] . The low operating frequency makes this kind of electronics unsuitable for active PAA applications, where multi-GHz operating frequency is required for different communication bands [5] [6] [7] [8] [9] .
Carbon nanotubes (CNTs), a material with exceptional aspect ratio and great mechanical flexibility, have been proposed for use to make high-speed FETs [10] [11] [12] [13] [14] [15] [16] [17] [18] . Extraordinary field-effect mobility as high as 79,000 cm 2 /Vs was reported in the FETs based on individual CNTs [11] . Due to the ultra-high field-effect mobility, CNT based flexible FET are capable of achieving high-speed (GHz) operation [19] [20] [21] . In the presented research work, ultra-pure electronic-grade CNT solutions are used in the ink-jet printing technology without using any photolithography fabrication steps. An ultra-high operating frequency of over 5 GHz is demonstrated with an ON-OFF ratio of over 100. 2-bit 2-element phased-array antenna is printed incorporating the FET switch based true-time delay lines. Both the theoretical values and measurement results are compared for -30˚ beamsteering of the PAA. 
DESIGN OF FET AND 2-BIT 2-ELEMENT PAA

Design of high speed FET
The schematic structure of the CNT based FET is shown in Fig. 1 . The FET is in a top gated configuration. It consists of source (S) and drain (D) electrodes, a carrier transport layer based on an ultrapure, high density (> 1000 CNTs per μm 2 ) carbon nanotube thin film, an ion-gel gate dielectric layer, and top gate electrode (G). The channel width and length are 200µm and 100 µm, respectively. Fig. 2 shows the layout of the 2-bit 2-element phased array antenna subsystem. First, the RF signal is applied through microwave probe on the coplanar waveguide. Then the signal is transited onto microstrip line. The signal then is split into two branches, with each branch split again by a 1x2 splitter. Then there are four paths with different lengths of delay lines controlled by the FET switch. The time delay between adjacent elements of a PAA can be calculated as
Design of 2-bit 2-element PAA
Where d is the distance between adjacent element; c is the light velocity; and θ is the beam steering angle. In our design, d is equal to half wavelength to avoid grating effect. The length difference between delay lines can be calculated as
Where n is the refractive index of the microwave propagation media. And here we assume it to be 1.5.
Four possible azimuth steering angles are designed according to the above equations, which are -30˚, 0˚, 14.5˚, and 48.6˚. The working frequency is targeted at 5GHz (C-band). The corresponding delay lengths and the steering angles are listed in Table 1 . 
EXPERIMENTAL RESULTS
The whole 2-bit 2-element PAA is printed using the Optomec's M 3 D Aerosol Jet ® printing system [22] on a DuPont™ Kapton ® FPC polyimide film [23] , which is used in a wide variety of applications such as substrates for flexible printed circuits, transformer and capacitor insulation and bar code labels. During the printing of FET structures, the source and drain electrodes are first printed on the Kapton ® FPC polyimide film using the silver nanoparticle ink, followed by the thermal annealing. The width of the source and drain electrodes are 50 µm, and the separation between the source and drain electrodes, i.e., channel length (l), is 100 µm. An active carrier transport layer is then printed using an ultrapure, electronic grade carbon nanotube solution (CJ-28) from Brewer Science Inc. A thin-layer of ion-gel is then printed on top of the CNT film as the gate dielectric [24] . The FET is finished by printing a conducting polymer poly (3, 4-ethylenedioxythiophene) (PEDOT) layer as the top gate electrode [25] . [26] [27] . At the source-drain voltage (V DS ) of 1.8V, a high source-drain current (I DS ) of 221µA, and a low I DS of 1.6 µA are obtained at the gate voltage of -1.0V and +1.5V, respectively. The source-drain current (I DS ) ON-OFF ratio is over 100. The large ON-OFF ratio reveals a high content of the semiconducting type of CNTs in the CNT active layer. The gate-source leakage current (I GS ) is measured to be in the pA range. We also test the performance of the FET in an external circuit -a voltage buffer stage, which provides high input impedance and low output impedance. The gate and drain electrodes function, respectively, as the input and output terminals. As indicated in Fig. 4 , a clean spectrum and excellent linearity is obtained. The left peak and the center peak of the spectrum are the DC and AC components of the output signal, respectively. These test results shows the FET is compatible with external circuits. Fig. 5 shows the entire measurement setup with the network analyzer, receiving horn and microwave signal analyzer. The 8510C HP network analyzer provides RF signal up to 50GHz. The radiation from the antenna array is received by a standard horn antenna which can be rotated to measure the far field pattern of the antenna array. The received signal from the standard horn antenna is read out using the microwave signal analyzer (MSA). The signal strength at various angles is measured to get the far field patterns. We measure all the four azimuth steering angles, and shown here is -30˚ beamsteering. The theoretical values and measurement results are compared, which are shown in Fig. 6 . The measurement results agree well with simulation values.
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CONCLUSION
In summary, we demonstrate an all-ink-jet-printed 2-bit 2-element active PAA operating at 5GHz on a DuPont™ Kapton ® FPC polyimide film by using an Optomec's M 3 D Aerosol Jet ® printing system. Adopting electronic grade CNT network solution, we fabricate a high-speed (5 GHz) FET with a large high ON-OFF ratio of over 100. The true-time delay lines incorporated the high speed FET switches are proven to work well through the beamsteering experiments of PAA. All the fabrication processes are performed at room temperature. Such a low temperature processing method allows us to use virtually any flexible substrate such as a regular transparency as demonstrated in our fabrication. The fully printed active PAA technology will greatly benefit the development of space communication antennas.
